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Dystroglycan (Dg) is a laminin receptor that is expressed at the interface between the basement membrane and the cell membrane. Dg has been
reported to play a role in skeletal muscle cell stability, morphogenesis of neuroepithelial tissues, and in regulating cytoskeletal organization, cell
polarization, and cell signalling. In this study, we have focused our analysis on the expression of Dg-mRNA and protein at different developmental
stages in the pronephros of Xenopus laevis. In order to study its role, we performed loss-of-function experiments mediated by Dg antisense
morpholinos and dominant negative mutant. We show that Dg expression is first detectable when epithelialization begins in the pronephric anlage
and persists later during tubulogenesis. Loss-of-function experiments induced a disorganization of the basement membrane, a drastic reduction of
pronephric tubules and duct that can lead to a renal agenesis. A diminished proliferation of pronephric cell progenitors was also observed in Dg
depleted embryos. Together, these data indicate that Dg plays a key role for laminin-1 assembly and pronephric cell anchoring to the basement
membrane during early development of the pronephros. They also indicate that Dg may induce a signal transduction pathway controlling cell
proliferation needed for the formation of tubules and their growth.
© 2008 Elsevier Inc. All rights reserved.Keywords: Xenopus laevis; Dystroglycan; Pronephros; Pronephric tubules; Laminin; IntegrinIntroduction
Dystroglycan (Dg) is a ubiquitous membrane-spanning cell
adhesion molecule encoded by a single gene and is cleaved
into two proteins αDg and βDg by posttranslational processing
(Ibraghimov-Beskrovnaya et al., 1992). αDg is an extracellular
peripheral membrane glycoprotein anchored to the cell
membrane by associating with the transmembrane glycopro-
tein, βDg. The αβDg protein is expressed in a broad array of
tissues and is an essential part of the link between the actin
cytoskeleton and the extracellular matrix (Winder, 2001).
αDg undergoes extensive O-glycosylation that is required
for the binding to laminin, perlecan, neurexin, and agrin
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doi:10.1016/j.ydbio.2008.02.0242003). Correct glycosylation of αDg seems crucial for its
ligand-binding activity. Mutations in the O-glycosylation
pathway result in aberrant glycosylation of αDg with reduced
ligand-binding activity leading to dystroglycanopathies. It
includes Fukuyama congenital muscular dystrophy (FCMD)
(Kobayashi et al., 1998), muscle–eye–brain disease (MEB)
(Michele et al., 2002; Barresi et al., 2004), Walker–Warburg
syndrome (WWS) (van Reeuwijk et al., 2007), congenital
muscular dystrophies (CMD) (Longman et al., 2003) and limb–
girdle muscular dystrophy (LGMD) (Brockington et al., 2001).
In dystroglycanopathies, the reduction or loss of Dg's ligand-
binding activity due to hypoglycosylation likely disrupts the
Dg-mediated linkage between the extracellular matrix and the
dystrophin–cytoskeleton, which is believed to be a cause of this
group of disease (Barresi and Campbell, 2006).
βDg spans the membrane and its cytoplasmic tail binds
dystrophin in muscle cells where its role has been characterized
most extensively. Dg is an essential component of the
dystrophin–glycoprotein complex that links the extracellular
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muscle cells, βDg binds utrophin, a homologue of dystrophin.
In addition, βDg interacts with several molecules such as Grb2,
a growth factor receptor-bound adaptor protein (Yang et al.,
1995). It could also be involved in signal transduction. One
example of βDg modulating signal transduction is its associa-
tion with ERK (extracellular-signal-related kinase) and its
upstreamMAPK (mitogen-activated protein kinase) kinase. The
proposed role of Dg is to act as a protein scaffold that sequesters
these proteins in separate cellular locations to regulate their
adhesion-dependent activation (Spence et al., 2004).
Dg has an increasingly recognized role in adult and during
development. In adult tissue Dg might play an important role in
tumor development in human breast, colon and prostate cancers
by altering the interactions between cells and the surrounding
matrix (Sgambato et al., 2003). Thus, a reduction of Dg function
could perturb the formation of contacts between basement
membranes and the cytoskeleton of cells, resulting in the
promotion of tumor development and invasiveness (Muschler et
al., 2002). During development, Dg was shown to play a crucial
role in Reichert's membrane formation (Williamson et al.,
1997). Knockout of the Dg gene in mice is embryonic lethal and
results in a lack of laminin recruitment to the basement
membrane. Indeed Dg plays a key role in nucleating the
assembly of a primary laminin matrix, which then serves as the
scaffold for the assembly of the remaining components of the
basement membrane. In Drosophila, Dg has been reported to
play a fundamental role in cytoskeletal organization, where it is
required for polarizing the epithelial cells and the oocyte (Deng
et al., 2003). Recently, the Dg Sh3-domain binding site
responsible of this polarity was identified (Yatsenko et al.,
2007).
Several studies have demonstrated that Dg has distinct
roles in epithelial development of various organs. For
example, it was shown in vitro that Dg was required for
the assembly of laminin and collagen in the subendodermal
basement membrane in embryoid bodies (Henry and Camp-
bell, 1998). In Xenopus laevis, Dg depletion during eye
development causes microphtalmia, retinal delayering, sug-
gesting that Dg is crucial for the maintenance of the basal
lamina in retinal architecture (Lunardi et al., 2006). In
analogy it was shown recently that interference with Dg
function in chick neuroepithelial cells perturb the develop-
ment of the retina (Schröder et al., 2007). In mouse, it has
been also reported that Dg play a role during central nervous
system myelination (Colognato et al., 2007).
In X. laevis, the pronephros is the main form of kidney at
the larval stage. It is derived from somatic and splanchnic
intermediate mesoderm. Pronephric precursors are defined at
early neurula stage (stage 12.5) by the combined expression
of the Pax-8 and Xlim-1 genes that encode critical regulators
of nephric lineage specification (Carroll and Vize, 1996).
From the late neurula/early tail-bud (stage 20/21), the anlage
of the pronephros becomes morphologically distinguishable
by condensation of cells. This consists of a slight thickening
of the somatic portion of the lateral mesoderm below somites
3 through 5. At stage 24 the pronephric thickening extendsback to somites 6. At stage 27 the pronephros anlage is
distinctly separated from lateral mesoderm and the cells are
arranged in a radial pattern. These changes in the shape of
cells are accompanied by expression of Pax-2, Wnt-4 and
WT-1. Epithelialization of the tubules and anterior portion of
the duct starts at stage 28, a small lumen appears.
Tubulogenesis occurs around stage 35/36, elongating tubules
are entirely lumenized, and the pronephros starts to function
(Vize et al., 1997). There are three identifiable components
that together form the functional pronephros: the glomus, the
pronephric tubules and the collecting duct. The glomus filters
waste into the coelom, where it is collected into the coiled
tubules via the ciliated nephrostomes. Water balance is
controlled as the waste passes down the tubules, along the
duct and to exterior via the cloacae (Vize et al., 1995). The
simplicity of this organ coupled with the fact that it displays
the same basic organization and function as the more
complex mesonephros and metanephros make this an
attractive model to study the earliest events in vertebrate
kidney morphogenesis.
In this study, we have investigated the role of Dg in X. laevis
during the early organogenesis of the pronephros i.e. during
condensation, epithelialization, and tubulogenesis of pronephric
cells. Our results show that in vivo loss-of-function of Dg using
morpholino oligonucleotides or mediated by injection of Dg
mRNA construct coding deletion of the intracellular domain
induces abnormal pronephros development. Loss of function of
Dg affects assembly of laminin-1 in the extracellular matrix
leading to perturbations in both epithelialization and tubulogen-
esis. A reduction of cell proliferation in pronephric cells
progenitors was also associated with these defects in Dg
depleted embryos. We therefore propose that Dg is crucial for
laminin-1 assembly, anchoring pronephric cells to the basement
membrane during early development of the pronephros and that
this interaction may induce a signal transduction pathway
controlling cell proliferation.
Materials and methods
Eggs and embryos
X. laevis eggs were obtained from females injected with 500–800 IU of
human chorionic gonadotropin (Sigma). Eggs were fertilized in vitro, dejellied
with 2% cysteine hydrochloride (pH 7.8). Microinjections occurred in 4% Ficoll
in 0.1× MMR and embryos were maintained in this medium for the first 12 h.
Embryos were then cultured in 0.1× MMR until harvested and staged according
to the Nieuwkoop and Faber table (1994).
Morpholino experiments
The sequences of the antisense morpholino oligomers used in this study
were: 5′ CAGCACACCTAATATCCATTTTGGC 3′ (Dg-Mo1), 5′TGTTA-
CAGCGTAGGAGGCA 3′ (Dg-Mo2).
GenBank searches failed to detect significant homologies of the two
morpholinos elsewhere in the Xenopus genome. Gene Tools Mo-standard: 5′
CCTCTTACCTCAGTTACAATTTATA 3′ was used for control morpholino
injections. The morpholinos were diluted in sterile water to a concentration of
1 mM. Morpholino oligos were injected in a volume of 4 nl in both left
blastomeres at four-cells stage with the following amounts: 8, 16 and 18 ng of
Dg-Mo1+2. In the results the number n represents the total number of injected
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that has been used in all experiments.
Plasmid constructs and mRNA injection experiments
Two constructs were engineered from Dg cDNA cloned into the EcoRI and
XhoI sites of the polylinker of the pBluescript II SK (+) vector (Moreau et al.,
2003): the wild type dystroglycan (Dg-wt), and a construct which the β-
cytoplasmic domain was deleted (Dg-Δcyto, only 4 amino acids were present
after the transmembrane domain). The constructs were amplified by PCR,
subcloned in the pcR II-TOPO vector (Invitrogen) and sequenced. The
following primers were used:
Dg-Δcyto and Dg-wt-sense: 5′ ATTAATGGATCCAAAATGGATATT 3′
Dg-Δcyto-antisense: 5′ ATTAATCGATCTTCTTCCGATAAAA 3′
Dg-wt-antisense: 5′ ATTAATCGATTGGAGGTACATAAGG 3′.
The dystroglycan constructs were then cloned into the pCS2 mycGFP
vector. It was a gift from M. Klymkowsky (University of Colorado, Boulder), it
contains a single myc epitope upstream of the GFP and was made by Y.
Vourgourakis, 1996. This allowed the convenient distinction of injected from
uninjected cells. The constructs were transfected in XTC cells (Pudney et al.,
1973) using fugene 6 (Boerhinger) to verify the correct expression at the plasma
membrane. Synthetic capped mRNA was made by in vitro transcription as
described in Djiane et al. (2000). Embryos were injected at the eight-cell stage
with Dg-Δcyto mRNA into both mediolateral zone of vegetative blastomeres in
order to target the region that will give rise to the pronephros. The number n
represents the total number of injected embryos (see Results section).
Whole-mount in situ hybridization
Whole-mount in situ hybridization was carried out as described elsewhere
(Harland, 1991). The embryos were fixed in MEMFA (0.5 M MOPS, pH 7.4,
100 mM EGTA, 1 mM MgSO4, 4% formaldehyde) and hybridized with RNA
probes produced from cDNA clones. After linearization plasmids were
transcribed with appropriate RNA polymerase. The αDg antisense probe was
transcribed with SP6 RNA polymerase from the α-subunit in pBluescript II SK
(+) vector (Moreau et al., 2003). The XPax-2 (Heller and Brändli, 1997) and
XPax-8 (Carroll et al., 1999) genes were transcribed with T3 RNA polymerase.
The WT-1 (Semba et al., 1996) gene was transcribed with T7 RNA polymerase.
Probes were synthesized and labelled using a DIG labelling kit (Roche) and
visualized using anti-DIG-alkaline phosphatase antibodies (Roche
11093274910, diluted 2:1000) and BCIP/NBT (Sigma) for the color reaction
according to manufacturer's recommendations.
Immunochemistry
Whole-mount immunostaining
Whole-mount immunochemistry with the 3G8 and 4A6 antibodies (kindly
provided by Dr. E.A. Jones, Warwick University, United Kingdom) was
performed using standard methods on MEMFA fixed embryos. Antibody 3G8
stains the apical membrane of pronephric tubules from stage 31, whereas
antibody 4A6 recognizes a 50 kDa protein that localizes to both cell surfaces of
duct epithelia from stage 38 (Vize et al., 1995). The secondary antibodies were
alkaline phosphatase-conjugated goat anti-mouse (Jackson Immunoresearch
115-056-062 1:40000). BCIP/NBT (for 4A6) and Fast Red TR/Napthol AS/MX
(Sigma) (for 3G8) were used for the color reaction according to manufacturer's
recommendations.
Immunostaining of frozen sections
Embryos were fixed for 1 h in 4% paraformaldehyde in 100 mM phosphate
buffer saline solution (PBS) pH 7.4 and stored in 100% ethanol. After
rehydradation in PBS, embryos were embedded with PBS containing 15% cold-
water fish gelatin (FLUKA, Biochemika) and 15% sucrose (Hens and
DeSimone, 1995). Tissues were frozen in gelatin medium by immersion in
isopentane (−60 °C) and stored at −80 °C. The sections were performed at
16 μm thickness in a cryostat (Leica CM 3050S). Sections were blocked in PBSpH 7.4 containing 10% inactivated lamb serum and 0.5% Triton X-100 for 1 h at
room temperature. Then sections were incubated overnight at 4 °C in PBS
containing 3% normal goat serum and 0.5% Triton X-100. The following
primary antibodies were used: mouse anti-dystroglycan (43DAG/8D5, Nova-
castra, Newcastle-upon-Tyne, UK, diluted 1:50) which recognizes 15 of the last
16 amino acids at the C-terminus of Dg, rabbit anti-laminin-1 (Sigma L-9393,
diluted 1:25), mouse anti-β1 integrin (kindly provided by Dr. D. Alfandari,
University of Massachusetts, USA), rabbit anti-aPKC (Santa Cruz Biotechnol-
ogy C-20, Sc-216, diluted 1:1000), mouse anti-GFP (Roche 1814460, diluted
1:400) and rabbit anti-human phospho-Histone H3 (Ser 10, mitosis marker,
Euromedex H5110-14B, diluted 1:500). After incubation for 1 h at room
temperature, sections were washed in PBS 0.2% Tween 20 and incubated with
appropriate secondary antibodies: anti-rabbit antibody FITC conjugated
(Jackson Immunoresearch 111-095-144, diluted 1:40), anti-rabbit antibody
alkaline phosphatase-conjugated (Jackson Immunoresearch 111-055-144
diluted 1:5000), and anti-mouse antibody CY3 conjugated (Sigma C2181,
diluted 1:200). After incubation for 1 h at room temperature, nuclear staining
was carried out by a 1-min wash in PBS containing Hoechst H33258 (Sigma
diluted 1:1000). Sections were washed in PBS, mounted in Immu-mount
(Thermo electron corporation). Two microscopes were used to take the pictures:
a Leica TCS spectral equipped with a DMI inverted microscope and a Nikon
Eclipse E800 microscope equipped with Optigrid (Qioptics) for Confocal
acquisitions and QEi Evolution camera (Media Cybernetics).
Western blot analysis
Morpholinos were injected at the two-cells stage in both cells. At stage 28,
dorsal regions containing the pronephros anlage were removed in 1× MMR and
explants were homogenised in lysis buffer supplemented with protease
inhibitors. Samples were separated by 12% SDS-PAGE and transferred to
nitrocellulose membrane (Hybond). The membrane was incubated with mouse
anti-β dystroglycan antibody diluted 1:25. It was then incubated with anti-
mouse antibody conjugated with biotin (Jackson ImmunoResarch 715-065-150,
diluted 1:20,000) and with streptavidin coupled to peroxidase (Immunotech
016-030-084, diluted 1:10,000). The revelation was made by chemilumines-
cence (kit super signal West Pico Chemioluminescent substrate, Pierce). The
membrane was then dehybrided, incubated with mouse anti-α-tubulin antibody
(DM1A, Sigma T9026, diluted 1:10,000) and with anti-mouse antibody
conjugated with peroxidase (Jackson ImmunoResarch 115-036-062, diluted
1:10,000). The revelation was made as previously by chemiluminescence.
TUNEL staining
The whole-mount TUNEL staining protocol was previously described
(Hensey and Gautier, 1997). Briefly, cryostat sections of stage 25–35 embryos
were incubated in 150 U/ml terminal deoxynucleotidyltransferase (Invitrogen),
and 0.5 μM digoxigenin-dUTP (Roche). Negative controls were performed by
omitting TdT. The reaction was terminated in PBS/1 mM EDTA, at 65 °C,
followed by washes in PBS. Detection and chromogenic reaction was carried out
according to Harland (1991). The embryos were blocked in PBT+20% goat
serum, followed by incubation with anti-digoxigenin antibody coupled to
alkaline phosphatase. Embryos were extensively washed in PBS and staining
developed using BCIP/NBT substrates. The reaction was visible within 30 min,
and embryos were viewed following dehydration in methanol.
Quantification
After TUNEL staining, apoptotic cells were counted in pronephros areas in
the injected and control sides of 25 Dg-Mo injected embryos.
In vitro induction of pronephros
Dg-Mo1+2 (16 ng) was injected to the animal pole of two cells at the two-
cells stage. Presumptive ectoderm sheets (animal caps) were isolated from the
animal pole of blastulae (stage 9). Ectodermal pieces (0.3×0.3 mm) were
immersed for 3 h (stage 12.5 equivalent) in 1× MBS (Modified Barth's Saline)
containing activin A (A4941 Sigma, 10 ng/ml) and retinoic acid (R2625
Sigma, 10−4 M) and then transferred to 1× MBS until stage 35 equivalent.
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animal caps and each treatment was repeated in two independent experiments.
Explants were tested for the presence of differentiated pronephric tubules by
immunostaining with 3G8 antibodies as described above.Results
Dystroglycan is expressed in the pronephros during early
embryogenesis
We have previously cloned the full-length Dg cDNA from X.
laevis and described its expression pattern during early
development (Moreau et al., 2003). Dg mRNA expression is
detected in various tissues and organs such as the pronephros. To
better characterize its expression pattern, whole mount in situ
hybridizations were performed at different developmental stages
using DIG labelled αDg RNA antisense probes. At stage 23
(Fig. 1A), Dg mRNAwas first detected in the pronephric tubule
anlage, which forms by condensation of a segment of somatic
intermediate mesoderm. This process requires a change in cellFig. 1. Dystroglycan expression during Xenopus laevis pronephros development. Pan
and schematic representation of the developing pronephros adapted from Vize et al.
labelled antisense αDg RNA probes. (A) Stage 23. Expression is confined to the dev
present in the nephrostomes, the pronephric tubules (red arrowhead) and in the pro
protein. Embryonic stages are indicated in the top right of each panel. (E) Stage 35. Dg
segments of the pronephric duct (blue and green arrowheads). (F–H) Cryostat sec
pronephric bud (yellow arrowhead) and at the basal pole of cells surrounding the p
nephrostomes (yellow arrowhead) and the pronephric tubules (red arrowhead). (H) S
(yellow arrowhead).shape. At stage 28, DgmRNAwas observed in the nephrostomes,
pronephric tubules and duct before the epithelialization of these
structures (Fig. 1B). By stage 31, Dg mRNAwas present in the
nephrostomes, pronephric tubules and duct during lumenization
of epithelia and cell proliferation (Fig. 1C). By stage 35, when the
tubules start to coil forming a convoluted mass, Dg mRNA is still
present (Fig. 1D). A sense αDg control probe showed no staining
pattern in embryos at any stage (data not shown).
To study temporal and spatial expression of the Dg protein the
antibody 43 DAG/8D5 which recognizes the βDg carboxy-
terminus was used. By whole-mount immunolocalization the
protein was detected from stage 28. At stage 35 a strong Dg
immunoreactivity was visible in the pronephric tubules and in the
anterior/posterior duct segment (Fig. 1E). Dg expression was
studied in more details by immunolocalizations on cryostat
sections. Dg was present associated with the surface of cells
localized in the pronephric anlage (Fig. 1F, yellow arrowhead).
The proteinwas also detected at the basal pole of cells surrounding
the pronephric bud (Fig. 1F, white arrowhead). By stage 36 and
40, Dg immunoreactivity was localized and concentrated at theels A–D show spatial expression of dystroglycan transcripts from stage 23 to 35,
(1995). Whole-mount in situ hybridizations were performed using digoxigenin-
eloping pronephric tubule anlage. (B–D) Stage 28, 31 and 35. Dg transcripts are
nephric duct (green arrowhead). Panels E–H show immunolocalization of Dg
is present in the pronephric tubules (red arrowhead), in the anterior and posterior
tions. (F) Stage 29/30. Dg protein is detected on the surface of cells into the
ronephric bud (white arrowhead). (G) Stage 36. The Dg is detected around the
tage 40. The Dg is present in the elongating tubules (white arrowhead), and duct
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tubules (Fig. 1G) and duct (Fig. 1H). On transverse sections, Dg
protein was only expressed in the epithelial structures of the
pronephros, but not in the vascular component, the glomus (data
not shown) suggesting that Dg expression is restricted to the renal
epithelial cells of the pronephros.
Taken together these data show that Dg is present during the
early steps of pronephros development from the beginning of
epithelialization and during tubulogenesis. An obvious question
is whether Dg was involved in these morphogenetic processes
taking place at this time. To address this question, we used loss-
of-function experiments using Dg antisense morpholinos and
mRNA encoding a mutated Dg missing the β-C-terminus tail.Fig. 2. Depletion of dystroglycan by antisense morpholino oligomers. (A) The positio
(B) Dg-Mo specificity in vivo; Western Blot analysis using anti-Dg antibody showin
mRNA. Lane 1, uninjected embryos; Lanes 2–4, embryos were injected in both blasto
Dg-Mo1+2. At stage 28 dorsal tissues containing pronephric anlage were isolated and
Significant reduction of Dg protein synthesis is observed between 8 ng and 18 ng
concentrations of Mo analysed with the 3G8 and 4A6 antibodies. The numbe
immunodetection of Dg protein at stage 41 on embryos injected unilaterally at the
blastomeres). At the dose of 16 ng Dg-Mo1+2 a strong reduction of Dg immunorea
18 ng Dg-Mo1+2, Dg immunoreactivity is absent in the injected side (G) compared
coinjection with Dg full-length mRNA. (H, I) Pronephric tubule formation is inhibite
non-injected-side (arrowhead in panel H). (J–K) Pronephric tubule formation was s
length (FL) mRNA (400 pg) (arrowhead in panel K) compared to the Dg-Mo1+2 iDepletion of Dg affects the early steps of pronephros
development
Since X. laevis is allotetraploid, several pseudoalleles of Dg
exist. The nucleotides sequence of the allele that we have cloned
(Moreau et al., 2003) was too divergent around the translational
start site with others alleles identified in the EST databases to be
targeted by one morpholino oligomer. Therefore, two oligomers
were designed. The first Dg morpholino (Dg-Mo1) was
designed to bind nucleotides surrounding the start ATG
codon. The second morpholino (Dg-Mo2) is complementary
to the sequence of Dg localized upstream of the ATG codon
(Fig. 2A). Injections were performed in both left blastomeres atns of the antisense morpholino oligomers and ATG initiation codon are indicated.
g that the Dg-Mo interferes with in vivo translation in Xenopus embryos of Dg
meres at the two cell stage with 8 ng (lane 2), 16 ng (lane 3) and 18 ng (lane 4) of
proteins were analysed by SDS-PAGE. α-Tubulin was used as a loading control.
of morpholino. (C) Frequency of the phenotypes obtained with the different
r n indicates the total number of injected embryos. (D–G) Whole-mount
4-cell stage with Dg-Mo1+2 (16 ng, panel E and 18 ng, panel G in both left
ctivity is observed in the injected side (E) compared to the control side (D). At
to the control (F). (H–K) The phenotype of pronephric tubules was rescued by
d in the Dg-Mo injected side of embryos (arrowhead in panel I) compared to the
ignificantly rescued in embryos injected with Dg-Mo1+2 (16 ng) plus Dg full-
njected side (arrow in panel I).
111V. Bello et al. / Developmental Biology 317 (2008) 106–120the four-cells stage in the marginal zone at the level of the
pronephros presumptive area. The uninjected half of the embryo
represents the internal control of the experiment. The combina-
tion of the two Dg morpholino oligomers was found to be more
efficient that each morpholino alone and was therefore used in
all subsequent experiments.
To determine the efficacy of the Dg-Mo1+2, two-cells stage
embryos were injected bilaterally with increasing amounts
ranging from 8 to 18 ng, which corresponds to final
concentrations ranging from 120 μM to 270 μM. At stage 28,
embryos were dissected in order to isolate dorsal tissues
containing the pronephros anlage and proteins were analyzed by
Western blotting to establish the presence of Dg (Fig. 2B). In
control embryos, a band at 43 kDa representing β-Dg was
identified (lane 1), while in Dg-Mo injected embryos, the
43 kDa band was greatly reduced in a dose dependent manner
when normalized against α-tubulin. Quantification showed a
38%, 64% and 92% reduction of bands with 8, 16 and 18 ng
respectively (lanes 2, 3, 4).
Using these amounts of Mo, phenotypic analyses were
performed at several stages by in toto immunochemistry with
antibodies 3G8 and 4A6, which are tubule- and duct-specific,
monoclonal antibodies, respectively (Vize et al., 1995). Results
corresponding to the total number of injected embryos for each
dose are summarized in the table of Fig. 2C. 96% embryos
injected with 8 ng of Dg-Mo1+2 showed a normal phenotype
(n=215) while the dose of 16 ng induces several defects in the
injected side of 70% embryos (n=205) a minor microphtalmia
and a reduction of pronephric circonvoluted tubules was
observed in the injected side. The injection of 18 ng induced
stronger defects. 92% embryos (n=225) showed anterior
malformations including microphtalmia, and brain reduction
(as shown by Lunardi et al., 2006; Schröder et al., 2007).
Pronephric tubules were strongly affected and duct was absent.
Renal agenesis was frequently observed. These phenotypes
were the result of the inhibition of translation of the Dg mRNA
since Dg immunodetection on embryos injected with 16 ng in
both left blastomeres show a strong reduction of Dg
immunoreactivity in the injected side (Figs. 2D, E). Injection
of 18 ng Dg-Mo1+2 leads to an absence of Dg immunor-
eactivity (Figs. 2F, G). These data correlates well with the
reduced amount of Dg observed by Western blotting (Fig. 2B).
Based on these results we chose to study the role of Dg
during the development of pronephros with 16 ng of Dg-
Mo1+2, dose which intermediate phenotypes were obtained
without renal agenesis. The toxicity of morpholino and
specificity of phenotypes observed were controlled in the
same conditions by injection of 16 ng of a standard morpholino
oligonucleotide (Gene tools). No obvious morphological
abnormalities were observed in the injected embryos (data not
shown). In addition, co-injections of 400 pg of Xenopus full-
length Dg mRNA with the Mo1+2 greatly restore the
phenotypes (Figs. 2H–K).
Presumptive kidney blastomeres were microinjected with
Dg-Mo1+2, the corresponding embryos were raised to different
stages, then fixed and processed by in situ hybridization or
immunohistochemistry. As a first step to determine theconsequences of Dg depletion in pronephros development, a
whole-mount immunolocalization on embryos injected with
Dg-Mo1+2 was performed with the 3G8 and 4A6 antibodies
(Figs. 3A–D). The expression of these markers was correct in
the injected side compared to control but the morphology of the
pronephros was affected. The injected side of the embryos show
a defect in the pronephric tubules (Fig. 3B). Immunostaining
with the 3G8 antibody was detected as a large area (Fig. 3B, red
arrowhead) in connection with a large anterior duct segment
immunolocalized by the 4A6 antibody (Fig. 3B, blue arrow-
head). Coiling of this anterior portion of the tubules was
frequently absent or reduced. The injected side also showed that
the nephrostomes frequently appeared to be fused into a single
structure and that the three branches of tubules were shorter or
reduced in number.
To analyse in more detail these phenotypes, seven selected
affected embryos treated by whole mount immunolocalization
using the 3G8 and 4A6 antibodies were sectioned, the same
histological phenotype was observed for each sectioned embryo
(Figs. 3C, D). In the injected side a single large tubule, stained
by 3G8 on its apical side was present (Fig. 3D). The tubule,
although enlarged in diameter, was organized in a relatively
normal way. It consisted of an enlarged lumen surrounded by
one epithelial cell layer, though it contained more cells in its
circumference. Cells were cubic and arranged regularly. In
caudal sections, the Dg-Mo injected side showed an immature
duct with rounded cells in an irregular arrangement (data not
shown). In contrast, on the control side three smaller tubules and
the duct were observed (Fig. 3C).
Together these observations suggest that translational knock-
down of Dg disrupted pronephros structure and perturbed the
formation of normal epithelium in the tubules and duct.
Analyse of the expression of pronephric molecular markers in
Dg-Mo treated embryos
To test the hypothesis according to which Dg depletion could
affect pronephric tubules development by inhibiting the
expression of genes involved in early patterning of pronephros,
expression of Pax-8, Pax-2 or WT-1 was studied. Expression of
these pronephros-specific genes was analysed in Dg-Mo
injected embryos by whole-mount in situ hybridization.
Expression of Pax-8 was studied at neurula stage (Fig. 3E),
stages 24 (Fig. 3F), and 35 (Figs. 3G, H). The comparison of
Mo injected side with the control side did not reveal significant
difference in expression of Pax-8 at any stage. Even if
anomalies in phenotype of tubules were observed in the
injected side, the expression of Pax-8 was not modified. At
stage 35, the expression of Pax-2 was also equivalent in the
control and injected side (Figs. 3I, J). However for both genes,
embryos showed an enlarged staining in the pronephros anlage,
the tubule region and the anterior portion of the duct, which is
similar to the staining observed with the 3G8 and 4A6
antibodies. No significant difference was observed for WT-1
expression (data not shown).
These results show that Dg-Mo depletion did not affect the
early determination of the pronephros field.
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membrane
Dg is an important adhesion molecule tethering the extra-
cellular matrix to the cytoskeleton. Several studies showed that
Dg plays a critical role in the formation of the basement
membrane during early development (Williamson et al., 1997;
Durbeej et al., 1998) by binding and organizing soluble laminin
on the cell surface (Henry and Campbell, 1998). Association
with laminin can trigger intracellular signalling playing a key
role in development including cell adhesion, spreading and
migration.
To determine the consequences of a Dg misexpression on
the pronephros basement membrane assembly, cryostatsections of seven embryos at the level of the pronephros
areas were performed for each different development stages
(29/30, 33/34, 37/38 and 40) (Fig. 4). These sections were
analysed by immunostaining with a specific laminin-1
antibody, the major isoform present in the kidney basement
membranes. By stage 29/30 in the control side, the
pronephric anlage is fully segregated, it is delineated by
laminin immunostaining (Fig. 4A). In contrast, in the injected
side of embryo the main body of the pronephros appeared as
a solid mass of cells surrounded by some aggregates of
laminin scattered on the level of the pronephros (Fig. 4B).
These observations indicate that condensation of cells leading
to the pronephric primary bud occurred correctly whereas its
epithelialization was affected in the Dg-Mo1+2 injected side.
By stage 33/34 and 37/38 differentiation in epithelial tubule
is in progress in the control side (Figs. 4C, E, G) this is
reflected by the presence of several tubules surrounded by
laminin with a well-developed lumina. In the injected side no
tubules were visible, instead a mass of cells associated with
sporadic laminin filaments was immunodetected (Figs. 4D, F,
H). Three embryos also presented defects in the duct, which
was either smaller (Fig. 4F) or entirely missing (Fig. 4H). By
stage 40, a single and large tubule with lumina surrounded
by laminin-1 was observed in the injected side (Fig. 4J)
whereas in the control side several smaller tubules were
detected (Fig. 4I).
To determine if perturbations in the assembly of laminin
were accompanied by altered distribution of other membrane
receptors for laminin-1, we studied β1-integrin expression.
Immunodetections were performed with the 8C8 monoclonal
antibody that recognizes the β1-subunit in the same embryos
used for the study of laminin-1 expression. By stage 29/30 in the
control side, the anti-β1-integrin staining outlined the radial-
like structure of the pronephric cells (Fig. 4A′) whereas in theFig. 3. Depletion of dystroglycan leads to a drastic diminution of circonvoluted
tubules. (A–D) Microinjections were performed unilaterally at the 4-cell stage
with Dg-Mo1+2 (16 ng) in both left blastomeres. Embryos were fixed at stage
40 and then development of pronephros was analysed by immunochemistry
staining with monoclonal antibodies 3G8 for tubules and 4A6 for ducts. (A, B)
Whole-mount immunochemistry. The pronephric tubules (red arrowhead) and
the anterior duct segment (blue arrowhead) in panel B show severe
developmental defects in the injected side compared to control side in panel
A. (C, D) Cryostat sections of these embryos at level of the pronephros area. A
single and large 3G8-positive tubule is present in the injected side (D) whereas
in the control several tubules are detected (C). (E–J) Expression of pronephros
marker genes in Dg-Mo injected embryos. Embryonic stage is indicated in the
top right of each panel. The expressions of the Pax-8 (E–H) and Pax-2 (I, J)
genes were detected by whole-mount in situ hybridization on embryos injected
unilaterally with Dg-Mo1+2 (16 ng). The expression of the Pax-8 gene is
similar in the control (right side of the embryo in panels E–G) and injected sides
at all developmental stages. In spite of unchanged Pax-8 expression, some
defects in the pronephros area are observed in the injected side: the duct is
shorter and enlarged in stage 24 embryo (panel F, green arrowhead). In the
control side of stage 35 embryo three nephrostomes (panel G, red arrowheads)
are detected, in contrast in the injected side only a single structure is observed
(H). In stage 35 embryo, the expression of the Pax-2 gene is not modified in the
injected side (J) compared to the control (I). Here again a single structure is
observed in the injected side (J) compared to the three nephrostomes observed in
the control side (I).
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disorganized (Fig. 4B′). The same phenotype was observed in
the injected side from stage 33/34 and 37/38 (Figs. 4D′, F′, H′).
By stage 40, immunodetection of β1-integrin was observed at
level of intercellular junctions and cell matrix contacts in the
single tubule formed in the injected side (Fig. 4J′).
To verify the polarity of cells in tubules formed in the
injected side, localization of the atypical protein kinase C
(aPKC), an apical protein implicated in the control of epithelial
polarity in many species including Xenopus was analysed
(Chalmers et al., 2005; Lunardi et al., 2006). The kinase was
immunodetected by the C-20 antibody that recognizes both
PKC λ and ζ (Horne-Badovinac et al., 2001). In all embryos
observed at stage 40, aPKC was correctly localized at the apical
side of the epithelium of these large tubules in the injected side
(Figs. 4K, L) suggesting that at the cell level, the apical basal
polarity is maintained.
In order to analyse the effects of a more important dose of
morpholino on recruitment of laminin-1 in the pronephric
area, embryos were injected with 18 ng Mo1+2 in both left
blastomeres. By stages 29/30 and 40, no laminin-1 staining
was detected in the injected side (Figs. 4N, P). As previously
described, by stage 40, no tubule was present in the majority
of sections (Fig. 4P). Immunostaining with β1-integrin
antibodies showed a strong disorganization of cells at stage
29–30 in the pronephric area (Fig. 4N′). By stage 40, no
integrin expression was observed in the pronephros area of the
injected side (Fig. 4P′).
To control that the effects observed are linked to the
depletion of Dg, indirect immunofluorescence was done with
the anti-Dg antibody (Figs. 4Q, R). At stage 33/34 Dg was
detected at the basal side of pronephric cells in the control side
(Fig. 4Q) and absent in the injected side (Fig. 4R). In sections of
stage 40 embryo stained with picro indigo carmin dye, a thin
layer of mesoderm was observed in place of tubules in the
injected side (Figs. 4S, T).
Taken together these results clearly indicate that Dg plays a
fundamental function in vivo in epithelialization that leads to
lumenization and elongation of the pronephric tubules and
duct.
Dg is required for pronephric tubules development in
activin/retinoic acid-treated explants
It has been shown that pronephric tubules can be induced to
form in presumptive ectodermal tissue by treatment with
retinoic acid and activin (Ariizumi and Asashima, 2001). We
have used this in vitro system to reduce the mosaic dilution of
Mo and to avoid any secondary effects due to other structures as
somites for example, that were known to control the pronephros
development.
Dg-Mo1+2 (16 ng) was injected into animal pole of both
cells at the 2-cell stage and animal caps were isolated from the
animal pole of X. laevis late blastulae (stage 9). After
incubation with activin and retinoic acid, animal caps were
cultured until stage 35 equivalent. Explants were sectioned
and the presence of pronephric tubules was analysed by 3G8immunodetection. In control explants some tubules stained in
red by the 3G8 antibody were clearly observed predicting a
correct differentiation (Figs. 5A, B). Immunodetection with
the laminin-1 antibody showed a laminin-1 network surround-
ing each tubule (Figs. 5A, B). Moreover outside of the tubules,
the laminin-1 was present at the surface of cells that will
condensate and change their shape to form new tubules (Fig. 5A,
arrowhead). Explants from Dg-Mo1+2 injected embryos had
the appearance of transparent balloons (data not shown). After
sections, we observed that explants contained large cavities
surrounded by a mesenchyme like tissue (Fig. 5C). Tubules
could not be detected using the 3G8 antibodies. Using the
laminin-1 antibody a diffuse fluorescence between cells is
observed (Fig. 5D) suggesting that cells depleted in Dg are not
able to bind laminin-1 on their surfaces and to develop
pronephric tubules. When expression of early pronephric
marker genes Pax-8 and Pax-2 was studied, the results showed
that both genes are expressed in controls (Figs. 5E, F) as well as
in Mo treated explants (Figs. 5G, H).
These data reinforce results obtained in vivo and confirmed
that Dg is critical for the formation of the pronephros tubules. In
the absence of Dg, the determination of pronephric cells is not
affected but cells fail to bind laminin-1 resulting in a failure of
laminin-1 polymerization and organization of a basement
membrane needed for the formation of the nephrostomes,
pronephric tubules and ducts.
A Dg mutated protein to study interactions with cytoskeleton
and signalling molecules
The above results show that depletion of Dg in pronephric
lineage affects interactions between cells and the laminin
involved in the pronephros development. It is known that Dg
interacts with adaptor and signalling molecules such as Grb2,
ERK, and MAPK (Spence et al., 2004), therefore we have
analysed if the cytoplasmic domain of Dg was required
during pronephros development. A construct coding for a
mutated Dg missing the β-C-terminus tail (Dg-ΔCyto) was
used. The construct was cloned into the pCS2 mycGFP vector
allowing the discrimination of injected and non-injected cells.
Embryos were injected at the eight-cell stage with Dg-ΔCyto
mRNA into the mediolateral zone of vegetative blastomeres
in order to target the region that will give rise to the
pronephros. As previously, embryos were injected unilaterally
to use the uninjected side as a control and they were stained
with the 3G8 and 4A6 antibodies to detect the pronephros at
stage 40 (Figs. 6A, B). On whole-mount analysis, the normal
coiled tubular structure of the pronephric tubules clearly
appeared on the control side (Fig. 6A) but was completely
disrupted in mRNA injected side (Fig. 6B) (88%, n=120).
The tubules and the anterior region of duct appeared shorter
and enlarged. Only 2% (n=155) of the embryos injected in
the same conditions with Dg full-length mRNA exhibited
anomalies in the pronephros areas (data not shown). As for
Mo injections, expression of early pronephric marker genes
Pax-8, Pax-2 and WT-1 was studied. No apparent change in
Pax-8 (Figs. 6C, C′), Pax-2 (Figs. 6D, D′), or WT-1
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Fig. 5. Depletion of Dg affects laminin-1 assembly and tubule formation in vitro. Two-cell stage embryos were injected with Dg-Mo1+2 (32 ng/embryo). Animal caps
were treated with activin/retinoic acid for 3 h. (A, D) Immunodetection with the 3G8 antibodies and the anti-laminin antibodies. (A, B) Section of a control animal cap.
3G8 (blue arrowhead) and anti-laminin-1 (red arrowhead) antibodies staining are detected. Laminin-1 is present at the basal pole of cells of the tubules. Laminin-1 is
also observed elsewhere in the explant where the tubules will be formed (purple arrowhead) (A). (C, D) Section of a Mo1+2 injected explant (C). Large cavities and
mesenchyme like tissues are observed. (D) A diffuse fluorescence is observed (white arrowhead) suggesting that laminin-1 is accumulated but does not assemble basal
lamina. (E–H) Expression of pronephros marker genes in animal caps. (E, G) The expression of the Pax-8 gene is similar in the control and Mo1+2 injected explant.
(F, H) Pax-2 gene is detected in control and Mo1+2 injected explant.
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sides when compared to the control sides.
Histological analyses of Dg-ΔCyto injected embryos
showed a similar phenotype that the Dg-Mo injected
embryos: a single and enlarged tubule on the injected side
(data not shown). In order to analyse the distribution of
laminin-1 in the pronephric tubules, embryos injected
unilaterally with Dg-ΔCyto mRNA were sectioned and
immunostained with anti-laminin and anti-GFP antibodies
(Figs. 6E–O). At stage 29/30 and 33/34 in the majority of
sections, immunodetection of some scarce laminin-1 was
observed around a small tubule (Figs. 6F, J). Immunodetec-
tion of Dg-ΔCyto mutant showed that cells overexpressing
Dg-ΔCyto were excluded from this tubule (Figs. 6G, K and
merge H, L). Interestingly, the cells overexpressing Dg-ΔCyto
did bind to laminin-1 (Figs. 6M–O).
In summary, the results show that the correct laminin-1
assembly in the pronephric tubules basement membrane is
severely compromized when the cytoplasmic domain of Dg isFig. 4. Depletion of Dg leads to defects in laminin-1 assembly and integrin β1 subu
unilaterally with 16 ng of Dg-Mo1+2. (A–J′) After fixation embryos were cryostat s
(A–J, in green) and the anti-integrin β1-subunit antibody (A′–J′ in black and white). T
F, H, J, and B′, D′, F′, H′, J′) of the pronephros areas are shown at stage 29/30, 33/34,
control side, laminin immunostaining is detected in the basement membranes of the p
pronephric tubules during epithelialization (C, G, I). In embryos injected with 16 ng D
is scattered at level of the pronephric bud (B, red arrowhead). Epithelialization does no
bud with condensed cells is observed at stage 33/34, 37/38 (D, H, white arrowhe
arrowhead). In the injected side of stage 40 embryos, laminin-1 staining is detected
observed with integrin β1-subunit staining in the pronephric bud (A′, blue arrowhe
yellow arrowheads). (K, L) Localization of aPKC in the epithelium of the pronephric t
the control side (green arrowhead) and in the single and large tubule detected in the in
dose of morpholino. Embryos were injected unilaterally with 18 ng Dg-Mo1+2. No
Distribution of integrin β1-subunits is strongly affected (N′ yellow arrowhead). (Q,
with 18 ng Dg-Mo1+2. Dg is detected only on the non-injected side at the basal side
Indigo Carmin dye. No pronephretic structures can be observed, in place of tubules amissing. This suggests that interactions with cytoskeleton or
signalling molecules were disrupted.
A Dg depletion in pronephric cell progenitors leads to
decreased cell proliferation
Embryos injected with Dg-Mo1+2 exhibited a main
morphological defect that corresponds to a drastic reduction
of the convoluted tubules and duct. In order to determine
the mechanism responsible for this tubules/duct size
reduction, we investigate if Dg depletion could alter either
apoptosis or proliferation of pronephric cell progenitors. The
number of apoptotic cells was determined by TUNEL assay
at several development stages (29/30, 37/38 and 40). For
each stage, stained cells were counted on 25 cryostat
sections in the pronephros areas in the Dg-Mo1+2 injected
and control sides. In all sections a low number of apoptotic
cells was observed in the pronephric area. For all
development stages studied, no significant difference innit distribution during pronephros development. (A–L) Embryos were injected
ectioned and the sections were immunolabelled with the anti-laminin-1 antibody
he control sides (A, C, E, G, I, and A′, C′, E′, G′, I′) and the injected sides (B, D,
37/38 and 40. Embryonic stages are indicated in the top right of each panel. In the
ronephric bud (A, blue arrowhead), pronephric duct (E, orange arrowhead), and
g-Mo1+2, the basement membrane immunodetected by the laminin-1 antibody
t occur correctly, instead of lumenized tubules (see panels C and G), a pronephric
ads). Basement membrane of the pronephric duct is also affected (F, yellow
around a single pronephric tubule (J, pink arrowhead). The radial-like pattern
ad in the control side) is affected in the injected side of morphants (B′, D′, H′,
ubules. PKC is localized at the apical side of epithelium of all tubules observed in
jected side (yellow arrowhead). (M–T) Renal agenesis was occurred with higher
laminin assembly is observed in the injected side at stage 29/30 and 40 (N, P).
R) Immunodetection of Dg protein on stage 33/34 embryo injected unilaterally
of pronephric cells. (S–T) Sections of stage 40 embryos are stained with Picro
thin layer of mesoderm is detected (yellow arrowhead) in the injected side (T).
Fig. 6. Pronephros development is altered after overexpression of Dg-ΔCyto protein. Dg-ΔCyto mRNAwas delivered unilaterally into both blastomeres at eight cell-
stage. (A, B) Whole-mount immunochemistry of embryos injected with Dg-ΔCyto mRNAs performed with the 3G8 and 4A6 antibodies. In the injected side, note the
defects in the pronephric tubules (red arrowhead) and the anterior segment of the duct (blue arrowhead). (C–D′) Expression of pronephros marker genes in Dg-Δcyto
mRNA injected embryos. The expression of Pax-8 gene is unchanged at stage 35 in Dg-Δcyto mRNA injected embryos (C′) compared to the control (C). The Pax-2
gene expression is also unmodified at stage 30 (D, D′). (E–O) Cryostat sections of pronephros areas were immunolabelled with the anti-laminin-1 antibodies (panels E,
F, I, J). Detection of the GFP, which was used as tracer of Dg-ΔCyto proteins is shown in panels G and K. Panels H, L represent a merge between laminin-1 and
Dg-ΔCyto proteins. The control and injected sides are shown at stage 29/30 and 33/34. Stages are indicated in the top right of each panel. At stage 29/30 and 33/34 in
the injected side laminin-1 is detected around a small pronephros anlage (see yellow arrowheads in merge, panels H, L). Cells expressing Dg-ΔCyto (red fluorescence
in panels G and K and white arrowhead in panel L) are excluded from this pronephros structure. (M–O) Two cells overexpressing the Dg-ΔCyto protein that are
excluded from the pronephric area. Laminin-1 (M) and GFP-tagged Dg-ΔCyto (N) are detected at the surface of these cells (O). Both proteins are co-localized at the
level of the cell membrane (O).
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compared to controls.
To compare the rate of proliferation of pronephric cell
progenitors in control and Dg-Mo1+2 injected side, we
performed an immunodetection with an anti-phospho-Histone
H3 antibody that recognizes cells in mitosis (Figs. 7A, B).
Control and Dg Mo1+2 embryos at stage 25 and 29/30 were
sectioned, immunostained, and mitotic cells were counted in
the control and the injected side in the pronephros areas on
sections of seven embryos. The number of proliferative cells
was significantly lower in injected side compared to control
(Fig. 7C).These results show that size reduction of tubules and duct
observed in Dg-Mo injected embryos was correlated to a
decrease in pronephric cell proliferation.
Discussion
The first sign of Xenopus kidney formation is a change in
cell shape in the somatic layer of the lateral plate mesoderm at
early tail-bud stages. Cells become columnar in shape and
appear bent and bottle-shaped. The organ anlage segregates
from the surrounding mesoderm and cells within the aggregate
become arranged in a radial fashion to form the pronephric
Fig. 7. Cell proliferation in pronephros after injection of Dg-Mo1+2. Embryos
injected unilaterally with 16 ng of Dg-Mo1+2 were sectioned and cells were
immunodetected with the mitosis marker phospho-Histone H3 antibody.
Positive cells were counted in the pronephros areas in the injected and control
sides (see in panels A, B). Positive cells were counted in the control and Dg-
Mo1+2 injected sides in the pronephros areas on sections of seven embryos (C).
Bars indicate S.E., t-test: P=0.0103. Depletion of Dg reduces the pronephros
cell proliferation (80%).
117V. Bello et al. / Developmental Biology 317 (2008) 106–120tubule anlage (Nieuwkoop and Faber, 1994; Vize et al., 1997).
From dorsal to ventral region, it will generate the three
nephrostomes, the three connecting tubules, the common tubule
and the pronephric duct. The processes involved require
changes in cell shape and extensive cell rearrangements similar
to those seen during mesenchyme-to-epithelial conversion.
Following condensation, cells proliferate and a small lumen
develops in the anterior and central part of the pronephric
primordium and extends into the anlage in a posterior direction
leading to the formation of three tubules and a convoluted
collecting tubule. The pronephric duct starts to form by
recruitment of posterior lateral plate cells and propagates
posteriorly to the cloacae. The pronephros development has
been extensively investigated, resulting in the identification of
many genes and proteins involved in the process of pronephros
differentiation. Many of these genes have also been shown to be
expressed in mesonephric and metanephric kidneys in higher
vertebrates (Dressler, 2006).
Our data indicate that Dg has a dynamic expression pattern in
tissues that will undergo mesenchyme-to-epithelium conver-
sion, epithelialization and tubulogenesis that lead to the
formation of the pronephros. We have therefore used loss-of-
functions and dominant negatives experiments to study the
importance of Dg during these processes. In Xenopus, loss-of-
function analysis can be accomplished by injection of an
antisense morpholino oligonucleotide that specifically blocks
translation of a target mRNA (Summerton and Weller, 1997;
Heasman et al., 2000). Therefore, to determine the role of Dg in
X. laevis pronephros and Wolff duct organogenesis, two
antisense morpholino oligonucleotides that targeted the transla-tion of Dg were designed. They were injected at early cleavage
stages in one side of the embryos into the ventral vegetal cells
that are fated to contribute to the pronephros (Jones, 2005). The
non-injected side of embryos served as internal control of
pronephros development. We observed a dose dependant
morphological effect of Dg depletion. High concentrations of
morpholinos provoke a pronephros agenesis, with a significant
reduction in the levels of endogenous Dg protein. This
phenotype was specific, as a control morpholinos did not
produce significant effects. In addition, a significant reduction
of Dg protein synthesis was observed by western blotting after
injection of increasing doses of Dg morpholino. Likewise,
pronephric tubules formation was significantly rescued in
embryos co-injected with Dg-Mo1+2 plus Dg full-length
mRNA. Altogether these data proved the blocking effect of
morpholinos on Dg protein production.
With moderate concentrations of morpholinos, we observed
that the initial step of pronephros development was not altered.
Cells change their shape in the somatic layer of the lateral plate
mesoderm. Cells became columnar in shape, segregated from
the surrounding mesoderm and aggregated to form the
pronephric anlage. Later, we observed only a single tubule in
place of several small tubules. This tubule contained a well-
developed luminal space and a single layer of cells, indicating
that mesenchyme-to-epithelium transition and apical polariza-
tion had occurred apparently normally. We also observed that
the collecting tubule appears less coiled and have a diameter
that is significantly greater than that seen in control embryos. At
low Mo concentration, an abnormality in pronephric tubules
branching was suggested since the branches were shorter and
often reduced in number on the injected side. It is interesting to
note that similar phenotypes has been described in embryos
misexpressing Wnt-4, bicaudal-C, frizzled-8 and FGF-8
suggesting a complex molecular process for pronephros
development (Saulnier et al., 2002; Satow et al., 2004; Urban
et al., 2006; Tran et al., 2007). To prove that these phenotypes
correspond to an effect of Dg on cell behavior and not on cell
fate, the expression of molecular markers was examined by
whole mount in situ hybridization. The transcription factor WT-
1 is expressed in the pronephric capsule anlage and visceral
epithelium (Carroll and Vize, 1996). Pax2/8 are expressed in the
early pronephric anlage (Heller and Brändli, 1999). We show
that the expression domains of WT-1, Pax2/8 are not affected by
the perturbation of Dg expression. The fact that no change in the
cell fate is observed, but an extensive disruption of pronephros
shaping occurred, is indicative of an alteration in the
epithelialization processes. We propose that the phenotypes
observed are not due to a change in the amount of pronephric
tubule tissue specified but to an alteration in the morphological
process during tubulogenesis. It is therefore likely that these
phenotypes may be attributed to an incorrect modulation of cell
interactions with the extracellular matrix.
During pronephros development, cells within the anlage are
spherical and express laminin-1 on their surface. Then, they
become arranged in a radial fashion and laminin-1 is found at
their basal pole and finally all around the pronephric tubule and
duct anlagen. An effect associated to Dg depletion is the
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tubules and later the Wolff ducts. We have found that cells
depleted in Dg do not bind laminin-1 on their cell surface. We
have also found that laminin-1 binds to cells overexpressing Dg
deleted of the cytoplasmic domain but laminin-1 polymerization
does not occurs. All these observations suggest that, in vivo, Dg
is required for the assembly of laminin-1 by cells of the
pronephros to organize the basal lamina. In vitro, antibody
perturbation experiments of Dg to its binding site on the laminin
α chain perturb mouse kidney epithelial morphogenesis and
disrupt basement membrane development in organ cultures
(Durbeej et al., 1995). Dg-null mouse embryos and embryoid
bodies failed to organize a basement membrane (Williamson et
al., 1997). It is known that Dg binds to the laminin-1 α subunit
through its α1LG4–5 globular domain at the end of its long arm
(Durbeej et al., 2001) and then laminin can cross-link with itself
through the terminal region of its short arms (Colognato-Pyke et
al., 1995). These data and our results support the hypothesis that
the formation of the laminin-1–Dg complexes could be a key
step leading to Dg clustering and to laminin-1 polymerization,
which in turn promotes the assembly of the epithelial basement
membrane. However, it seems that Dg may not be required for
the appropriate formation of all basement membranes. Indeed,
Dg-null chimeric mice shows that Dg is not involved in the
formation of skeletal muscle basement membrane (Cote et al.,
1999). Moreover, the depletion of Dg using morpholinos
indicates that Dg is not essential for the assembly of laminin-1
in both inner limiting membrane and Bruch's membrane during
X. laevis eye development (Lunardi et al., 2006). Therefore, it is
possible that in some tissues other molecules or mechanisms
may compensate for the lack of Dg function. For example, one
possibility is that integrins contribute to the basement
membrane assembly.
Integrin β1, α3 and α6 subunits as well as αDg knockouts,
all demonstrate the importance of these proteins for correct
assembly of the basement membranes (Stephens et al., 1995;
Henry and Campbell, 1998). It is known that β1-integrins
interacts with the α1LG1-3 globular domain of the laminin-1 α
subunit. Several studies have suggested a functional influence
of Dg on integrins. For example, in mouse embryonic stem
cells, it has been shown that Dg-laminin interaction was
essential for the initial binding of laminin to the cell surface. In
contrast, β1-integrins were required for subsequent laminin-
matrix assembly (Henry et al., 2001). In agreement with this, we
show that integrin β1 subunits are expressed on the pronephros
cells treated with morpholinos, and that they do not accumulate
laminin on their surfaces. These findings suggest that Dg and
β1 integrin functions are non-overlapping with respect to cell-
surface laminin-1 binding.
The results suggest that morpholinos might act by
disturbing cell attachment to laminin-1 but they might also
cause an abnormal signalling by Dg. It is well known that Dg
binding to the extracellular matrix leads to signals mediated
by phosphorylation of tyrosine residues within the C-terminal
domain of βDg (James et al., 2000). The Dg can also bind to
nitrogen oxide synthase and p125FAK, two proteins involved
in signal transduction (Górecki et al., 1997; Cavaldesi et al.,1999). Additional signalling pathways could be activated
through recruitment of adaptor proteins such as Grb2. Recent
studies demonstrate binding of Dg to MEK2 and its active
downstream effector, ERK, localized in adhesion complexes
(Spence et al., 2004). Here we show that interference with Dg
function affects tubule number and coiling. One possibility is
that the depletion of Dg increases apoptosis in developing
kidney tubules. We did not observe fragmented nuclei or
pycnotic cells after morpholino injections making this
possibility rather unlikely. Another possibility is that the
depletion of Dg affects cell proliferation in developing
tubules. In agreement with this hypothesis, we show a
correlation between Dg depletion and a reduction of cell
proliferation. This suggests that Dg function influences
intracellular signalling processes involved in regulating the
cell cycle. Interestingly, studies have provided evidence that
Dg influences the function of the intracellular phosphatase
PTEN, the phosphatase converting PIP3, the product of
phosphatidylinositol 3-kinase, to inactive PIP2. PTEN is a key
molecule regulating several signalling cascade as the PI3-K/
AKT cell survival pathway (Muschler et al., 2002; Sgambato
et al., 2006). Although further studies are needed, our results
are consistent with the hypothesis that Dg is a component of
the signalling cascade regulating cell proliferation during
pronephros development.
Following the observations in this report, we propose a
model for Dg function during pronephros development. In a
first step during condensation of cells in the somatic layer of
the lateral plate mesoderm, soluble laminin binds to Dg on the
cell surface. After this initial binding, laminin and Dg form
clusters that recruit β1 integrins, probably the α6β1 integrin
since this laminin receptor has been found in X. laevis
pronephros (Lallier et al., 1996). This seems to be possible
because α6β1 integrin and Dg bind to distinct sites on laminin-
1 (Durbeej et al., 2001; Li et al., 2003). When the ternary
complexes are formed, they may provoke a signalization that
drives cell shape modification and segregation of cells in the
pronephros anlage. This is in agreement with our observations
showing that pronephros cells, expressing Dg deleted of the
cytoplasmic domain, bind laminin-1 but are unable to change
their shape and arrange in a radial fashion. It is also in
agreement with data showing an interplay between signalling
pathways mediated by Dg and integrins (Ferletta et al., 2003).
Finally, the complexes support laminin polymerization at the
basal cell surface, which in turn promotes the assembly of the
epithelial basement membrane around the pronephros anlage.
Following its assembly, the basement membrane provides
signals required to initiate and maintain cell polarization, and to
support cell proliferation leading to the formation of tubules
and their growing. We cannot exclude that other molecules
participate in these events. Indeed, Dg binds to several other
extracellular matrix proteins that contain laminin globular
domains such as perlecan. Perlecan is an ubiquitous basement
membrane proteoglycan that has been shown to interact with
Dg at the basal side of the Drosophila follicle-cell epithelium
to promote basal membrane differentiation and for maintenance
of cell polarity (Schneider et al., 2006).
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